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Abstract


Groundwater is a vital water source for human survival and regulates the hydrological cycle within the uppermost strata. Through the processes of recharge and discharge, as well as solute exchange, it interacts with surface water systems in Zhengzhou, e.g., the Yellow River and the Jialu River. Therefore, systematically assessing its hydrochemical characteristics, driving factors, and health risks is crucial for ensuring the safety of public drinking water and regional development. This study focuses on shallow (45~55 m), medium-deep (80~350 m), deep (350~800 m), and ultra-deep (800~1200 m) groundwater in Zhengzhou City. A descriptive statistical analysis was employed to identify the primary chemical constituents of groundwater at various depths within the study area. Piper diagrams and the Shukarev classification method were employed to determine the hydrochemical types of the groundwater. Additionally, Gibbs diagrams, correlation coefficient methods, ion ratio coefficient methods and chlorine–alkali indices were employed to investigate the formation mechanisms of the chemical components of the groundwater, and the health risks in the study area were evaluated. Results: Ca2+ dominates the shallow/medium-deep groundwater, Na+ dominates the deep/ultra-deep groundwater; HCO3− (70~82%) is the dominant anion. Water chemistry shifts from HCO3-Ca to HCO3-Na with depth. Solubilisation, cation exchange, counter-cation exchange, and mixed processes primarily govern the formation of the groundwater’s chemical composition in the study area. Nitrate health risk assessments indicate significant differences in non-carcinogenic risks across four population groups (infants, children, young adults, and adults). Medium-depth groundwater poses a potential risk to all groups, while shallow and deep groundwater threaten only infants. Ultra-deep groundwater carries the lowest risk.
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1. Introduction


Groundwater is the most abundant available freshwater resource on the planet [1] with a total volume of 23.4 × 106 km3. Accounting for 30% of the world’s freshwater resources and 2.5% of the planet’s total water volume [2], it plays a pivotal role in social, economic, and environmental aspects [3]. In recent decades, as surface water shortages have intensified, semi-arid and arid regions worldwide have increasingly relied on groundwater resources [4]. Presently, over 2.5 billion people worldwide obtain their drinking water from these sources, with approximately 40% of agricultural irrigation water also being sourced from groundwater [5]. Changes in the natural environment (e.g., rock weathering, atmospheric precipitation, surface water replenishment) and increased human activities (e.g., sewage discharge, agricultural fertilisation, and industrial processes) [6] have led to a shortage of freshwater resources, thereby altering the vulnerability of groundwater systems [7] and exacerbating water quality degradation issues.



The interaction of groundwater with the surrounding aquifer medium during its flow has a significant impact on the chemical composition and evolution of the groundwater system. Furthermore, human activities are intrinsically linked to groundwater quality [4], with practices such as sewage discharge and fertiliser application significantly altering groundwater hydrochemical characteristics (ion concentrations, pH, salinity). Conversely, these altered hydrochemical characteristics directly determine the overall quality of groundwater [8]. Nitrates, a constituent of groundwater pollutants [7], have been observed to accumulate due to the excessive use of nitrogen fertilisers in agriculture and infiltration of domestic sewage. Additionally, nitrates undergo further migration and transformation through hydrorock interactions. The quality of the groundwater is a critical factor in determining the safety of the drinking water in a given region [9]. Prolonged ingestion of water contaminated with nitrates has been demonstrated to engender an elevated risk of developing various pathologies, including methemoglobinemia, digestive system cancers, diabetes, and thyroid diseases [10,11]. Groundwater resources serve as the final receptor of pollutants in the water cycle. Furthermore, once contaminated, these resources are difficult to restore [12,13]. Therefore, the degradation of groundwater quality has become a potential environmental risk. Its continued deterioration may pose cumulative hazards to public health, safety, and ecosystem service functions. Furthermore, this deterioration may trigger irreversible critical risks [14,15]. In light of these findings, a systematic analysis of groundwater quality, an assessment of the extent of pollutant contamination, and an evaluation of the risks to human health are imperative. These efforts provide a foundation for the effective management of groundwater and the regulation of pollutants [16].



As early as the 20th century, the issue of nitrate contamination of groundwater had already attracted international attention [17]. Scholars have carried out a considerable amount of research based on the chemical characteristics of groundwater. According to the characteristics and driving factors of pollution, one study of typical alluvial fan plains in northern China pointed out that human activities (agricultural fertilisation, industrial and domestic sewage discharge) are the dominant factors of nitrate accumulation [18]. Another study focusing on the semi-urban area of southern India also reached a similar conclusion: 43.3% of the samples had excessive nitrate content, which was mainly affected by anthropogenic sources, such as domestic sewage and agricultural activities [19]. A study in the Fereydan region of Iran further confirmed that nitrates are mainly derived from fertilisers and domestic sewage [20]. In order to further analyse the source and transformation mechanism of nitrates, some studies have adopted a multi-technology joint analysis strategy. For example, the integrated application of hydrogeochemical, stable isotope, and MixSIAR models in the hilly region of China revealed the temporal and spatial variation characteristics of surface water–groundwater interaction, nitrate source, and the transformation process driven by seasonal nitrate input in the hilly region of China, and clarifies the regulation mechanism of high-intensity anthropogenic nitrogen input and seasonal hydrological changes on regional hydrochemical characteristics and nitrogen cycle [21]. In the Birimian area of Ghana, the “source-distribution-risk“ chain of groundwater fluoride and nitrate pollution was systematically analysed by combining Kriging interpolation, artificial neural network model, and stoichiometric analysis, emphasising the interaction between geological background and agricultural activities, as well as the high exposure risk of vulnerable groups, such as infants [22]. From a global and regional perspective, a systematic assessment of 292 groundwater sites in the region showed that agricultural fertilisers, industrial wastewater, domestic sewage, and landfill leachate were the main pollutants, of which more than 50 ppm nitrate pollution was particularly serious in Asia, Africa, and the Mediterranean region. Among various removal technologies, the catalytic reduction method has high conversion efficiency and no secondary pollution (such as the formation of toxic intermediates (such as dangerous by-products in the nitrite–nitrogen conversion pathway, the release of residual chemical agents during the treatment process, or accidental changes in the aquatic microbial community, resulting in damage to ecosystem stability), and has attracted much attention [23]. In a case closer to the study area, the principal component analysis of 2348 groundwater samples (2015–2018) in rural areas of Yantai, China, showed that the problem of groundwater nitrate pollution was prominent, which was related to total dissolved solids, total hardness, and chloride, among others. It is speculated that this phenomenon may be due to the interaction between fertiliser and geological factors [24]. One study of the Haouz Plain in Morocco (2015–2018) showed that long-term overexploitation led to a significant decline in groundwater levels (from 1971 to 2020, the proportion of areas with water levels exceeding 40 m increased from 13% to 65%). Shallow groundwater (<40 m) gradually disappeared, and deep groundwater (40–130 m) became the main mining target, which in turn affected the distribution pattern of salt and nitrate [25]. In addition, the study of an intensive agricultural area in Northwest China comprehensively used chemical indicators, double isotopes, random forest model, and Bayesian stable isotope mixing model (MixSIAR). It was found that there was significant nitrate accumulation in the 0–400 m deep soil layer of farmland and a kiwifruit orchard, and soil nitrogen (SN) was identified as the main source of nitrate in the groundwater [12]. The collective findings of these studies underscore the preeminent impact of anthropogenic activities on groundwater nitrate contamination and the pervasive nature of the associated health hazards. This compelling evidence serves as a foundational rationale for the present research, which aims to investigate the vertical stratification patterns and the variability in risk associated with nitrate contamination at varying burial depths.



Zhengzhou city’s water supply is predominantly reliant on surface water sources. The city’s water security is contingent upon this single-source structure (based on the South-to-North Water Diversion Project, the Yellow River water is the supplementary water source, both of which are surface water systems), which renders it vulnerable to potential disruptions. Zhengzhou possesses relatively abundant groundwater resources, making groundwater particularly crucial as an emergency water source under extreme conditions [26]. However, the majority of studies on Zhengzhou’s groundwater have centred on evaluating water resource quantities, with scant research directed towards understanding the vertical variation patterns of water chemistry components. This has led to a superficial understanding of the hydrochemical characteristics and formation mechanisms of aquifers at varying burial depths. Additionally, there is a paucity of in-depth understanding regarding the health risks associated with nitrate pollution, particularly about the sensitivity differences among various populations exposed to groundwater at different depths. This is imperative for the implementation of precise groundwater management and the safeguarding of public health. Therefore, the present study aims to address these gaps through comprehensive research and analysis. A comprehensive approach integrating diverse analytical techniques (Piper, Gibbs, ion ratio coefficients, and chlor–alkali index) was employed to systematically assess the water chemistry characteristics and formation mechanisms of groundwater samples collected at varying burial depths in select areas of Zhengzhou. A stratified health risk model was employed to assess the non-carcinogenic risks of nitrate exposure for different age groups, thereby determining the associated health risks of nitrate in groundwater within the study area. This research provides a scientific foundation for the management of water resources in Zhengzhou and establishes the foundation for the sustainable development of water resources in the region.




2. Study Region


Zhengzhou, the core city of the Central Plains Economic Zone, is distinguished by its rich historical and cultural heritage. The city is located in the north-central part of Henan Province, at the boundary between the middle and lower reaches of the Yellow River. The southwestern part of the region is bordered by the Loess Plateau and the Song Mountains, while the southeastern area is part of the Huanghuai Plain. The topography of the region is characterised by a general slope from southwest to northeast; the gradient of the slope ranges from 3‰ to 8‰, thereby forming a stepped incline in this direction. The city’s total area is 7567 km2, of which 744.15 km2 comprises the built-up area of the central urban district. The remaining 6822.85 km2 comprises rural and agricultural land, ecological and natural land, undeveloped/undevelopable land, and other non-urbanised land (including transportation corridors, such as railways and motorways) within the municipal jurisdiction. The city functions as a significant transportation nexus. The sampling points within the designated study area are predominantly situated within the urban built-up area, as illustrated in Figure 1.



The study area is characterised by a temperate continental monsoon climate, with distinct seasonal variations [27]. The mean annual precipitation is 400~700 mm, with rainfall concentrated between June and September, with August receiving the greatest amount, accounting for approximately 70% of the annual precipitation. The mean annual water surface evaporation is 1221 mm [28].



The geographical area under scrutiny (illustrated in Figure 1) encompasses the Yellow River basin, through which several surface watercourses pass, including the Jia Lu River, Dongfeng Channel, Jinshui River, and Suo Xu River. The study area is characterised by the predominance of groundwater, which is predominantly found within the pores of loose rock formations. The classification of aquifers in this region is dependent on factors such as burial depth and hydraulic properties, and the resulting categorisation system is outlined in [29]. The classification system utilised in this study identifies four distinct categories: shallow groundwater, medium-deep groundwater, deep groundwater, and ultra-deep groundwater. The respective burial depths for these categories are reported as 45~55 m, 80~350 m, 350~800 m, and 80~1200 m, respectively. The lithological characteristics of each aquifer are illustrated in Table 1.



The primary cations and anions in shallow and medium-deep groundwater, along with their mean values, demonstrate a high degree of similarity. Given that both the shallow and medium-deep aquifers in the study area are subject to large-scale extraction and utilisation, particularly the long-term intensive extraction of medium-deep groundwater, which has caused a sharp decline in water levels, the isohyetal maps of shallow and medium-deep groundwater drawn based on water level monitoring data are shown in Figure 2. The movement of water within the hydrosphere is characterised by the influx of shallow groundwater into and subsequent replenishment of medium-depth groundwater. This dynamic process results in the intermingling of the water chemistry of the two aquifers.




3. Materials and Methods


3.1. Groundwater Sampling and Analysis


In 2019, a groundwater sampling programme was conducted in the study area delineated in Figure 1 within the city of Zhengzhou. A total of 91 water samples were collected, comprising 35 samples from shallow depths, 40 from medium-depth, 11 from deep, and 5 from ultra-deep levels. Samples were collected using dry and clean sampling bottles, which were rinsed 2~3 times with groundwater from the study area before sample collection. After collection, the groundwater samples were refrigerated and expedited to the Henan Provincial Geological Engineering Survey Institute laboratory for monitoring and analysis at the earliest opportunity.



The testing parameters encompass a range of ions and parameters, including K+, Na+, Mg2+, Ca2+, SO42−, Cl−, HCO3−, NO3−, F−, pH, total dissolved solids (TDS), total hardness (TH, expressed as CaCO3), and ammonia nitrogen (expressed as N). The concentrations of anions and cations were determined using a DX-120 ion chromatograph and inductively coupled plasma atomic emission spectrometry (ICP-AES). The determination of K+, Na+, Mg2+, Ca2+, and total hardness (expressed as CaCO3) was conducted using the flame atomic absorption spectrophotometric method. The determination of total hardness (expressed as CaCO3) was conducted using the sodium ethylenediaminetetraacetate (EDTA) titration method. The determination of SO42−, Cl−, HCO3−, NO3−, F−, pH, TDS, and ammonia nitrogen (expressed as N) was conducted through the utilisation of turbidity measurement, silver titration, titration, ultraviolet spectrophotometry, fluoride reagent spectrophotometry, glass electrode method, gravimetric method, and Nessler’s reagent spectrophotometry, respectively. The %CBE is defined as the percentage of ionic charge balance error, calculated using Formula (1) [18]. The results indicate that the %CBE of the analytical data for the groundwater samples collected in this study were all less than ±5%, demonstrating good analytical precision.


  % C B E =      ∑   i   m   c   e   i   +   −   ∑   i   m   c   e   i   −       ∑   j   m   c   e   j   +   +   ∑   j   m   c   e   j   −       



(1)







The hydrochemical types of groundwater can be studied using Piper’s three-line diagram and Shukarev’s classification system [28]. In this study, Origin 2024 software was utilised to plot the Piper diagrams and to analyse the Pearson correlation coefficients between the TDS content and various ion concentrations in the study area [29]. This established the “contribution rate” and “linear relationship strength” of specific ions to the TDS in the water. The analysis of water samples indicated that 73% of the samples were classified as hard, and an additional 9% were deemed to be very hard. The total hardness concentration of the ultra-deep groundwater ranged from 43.80 to 264.88 mg/L, with an average of 101.36 mg/L. Of the samples analysed, 80% were classified as soft and 20% as hard.



The chlor–alkali index has been widely employed in the analysis of ion exchange occurrence [30], with its calculation formula expressed as follows [31]:
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3.2. Human Health Risk Assessment


A human health risk assessment is a method recommended by the US Environmental Protection Agency (USEPA) [32] that links the degree of water pollution to human health and quantitatively describes the harm of pollutants in groundwater to human health [33]. Its extensive utilisation in the domain of groundwater pollutants has been well-documented [34]. This method is founded on four internationally recognised steps: namely, hazard identification, dose–response analysis, exposure assessment, and risk characterisation [35].



The three potential exposure routes are as follows: oral ingestion, inhalation via air, and skin absorption [20]. It is evident that, owing to the low volatility of nitrates, the risk of exposure through inhalation is negligible. Consequently, it is widely accepted that nitrates present a significant health hazard, primarily through the ingestion pathway and via dermal contact. Given that the groundwater in Zhengzhou is primarily used for drinking, this study considers the ingestion of drinking water as the exposure route. The primary method of assessment employed in this context is outlined by the following formula [36]:


  H Q =    C w × I R × E F × E D   B W × A T × R f D     



(4)






  A T = E D × 365  



(5)







In the formula, Cw (mg/L) denotes the mass concentration of the target substance (i.e., nitrate), IR (L·d−1) is the daily water intake rate, EF (d·a−1) is the exposure frequency, ED (a) is the exposure duration, BW (kg) is the average body weight, AT (day) is the average time, and RfD (mg·kg−1·d−1) is the reference dose for the pollutant. The values of relevant parameters for each group are shown in Table 2.





4. Results and Discussion


4.1. Groundwater Chemistry


4.1.1. Descriptive Statistics


The initial understanding of the chemical characteristics of groundwater in a region can be facilitated by the calculation of descriptive statistics of its chemical composition. The statistical tables illustrating the major chemical components of the groundwater in Zhengzhou City for the years 2015 and 2019 can be found in Table 3 and Table 4, respectively.



The pH value of the drinking water is a significant indicator of water quality and suitability. In the event of the pH value being excessively low, there is a marked increase in the corrosiveness of the water, which has the potential to cause erosion to water supply pipelines or water-related equipment. Conversely, if the pH value is too high, this has an effect on the taste of the water, and there is also the possibility of a risk to human skin [37]. In 2015, the groundwater samples obtained from the designated study area exhibited pH values ranging from 7.00 to 8.15, thereby indicating the presence of water with a weakly alkaline nature. Samples obtained from shallow groundwater sites exhibited a pH range of 7.01 to 8.09, with an average of 7.52. Medium-depth samples registered pH values from 7.00 to 8.15, with an average of 7.51. Deep samples demonstrated a pH range of 7.00 to 8.10, with an average of 7.32. Ultra-deep samples exhibited pH values from 7.11 to 7.76, with an average of 7.37. In 2019, the pH values across the four different burial depths exhibited minimal variation, ranging from 7.5 to 7.9, indicative of weakly alkaline water. The pH values of the groundwater at shallow sampling sites ranged from 7.51 to 7.82, with an average of 7.67; the pH values of the groundwater at medium-deep sampling sites ranged from 7.62 to 7.80, with an average of 7.64; the pH values of the groundwater at deep sampling sites ranged from 7.53 to 7.82, with an average of 7.79; and the pH values of the groundwater at ultra-deep sampling sites ranged from 7.55 to 7.75, with an average of 7.67. A study of the groundwater samples collected in 2015 and 2019 revealed that all samples exhibited pH values within the permissible range of 6.6 to 8.5, as stipulated by the groundwater quality standard [38].



In 2015, the TDS concentration of shallow groundwater ranged from 251.00 to 974.40 mg/L, with an average value of 536.76 mg/L. The TDS concentration of medium-to-deep groundwater ranged from 261.40 to 547.10 mg/L, with an average value of 406.54 mg/L. The range of TDS concentrations in deep groundwater ranged from 374.60 to 528.80 mg/L, with an average of 457.84 mg/L; in ultra-deep groundwater, the range was from 425.95 to 909.75 mg/L, with an average of 634.06 mg/L. Water samples from all four aquifers—shallow, medium-deep, deep, and ultra-deep—exhibited TDS concentrations below 1000 mg/L, falling within the regulatory limits. These waters meet the criteria for being classified as freshwater suitable for potable supply.



In 2019, the TDS concentration of shallow groundwater ranged from 186.08 to 1239.19 mg/L, with an average of 513.01 mg/L. The TDS levels in 97% of water samples were found to be below 1000 mg/L, meeting the criteria for potable water, while 3% exceeded this threshold, rendering them suitable for irrigation purposes. The TDS concentrations in medium-to-deep groundwater ranged from 204.41 to 653.25 mg/L, with an average of 410.11 mg/L. The TDS concentrations in deep groundwater ranged from 189.31 to 681.85 mg/L, with an average of 397.47 mg/L. This study found that ultra-deep groundwater TDS concentrations ranged from 370.06 to 950.39 mg/L, with an average of 644.49 mg/L. Water samples from the middle-deep, deep, and ultra-deep aquifers all exhibited TDS concentrations within standard limits, thus meeting the criteria for classification as freshwater suitable for drinking water supply.



Total hardness (TH) is indicative of the total concentration of calcium and magnesium ions in groundwater and is a significant indicator for water quality monitoring [39]. Following the classification criteria for groundwater established in [20], the mineral hardness of water is typically categorised as follows: <75 mg/L is soft, 75~150 mg/L is moderately hard, 150~300 mg/L is hard, and >300 mg/L is very hard (Sawyer and McCarthy 1967) [19]. In 2015, the TH concentration in shallow groundwater ranged from 49.29 to 630.47 mg/L, with an average of 357.58 mg/L. The analysis revealed that 4% of the water samples were classified as soft, 4% were moderately hard, 24% were hard, and 68% were very hard. The TH concentration in medium-deep groundwater ranged from 113.00 to 429.20 mg/L, with an average of 267.55 mg/L. This study found that 3.8% of the water samples were moderately hard, 73.6% were hard, and 22.6% were very hard. Additionally, the analysis revealed that deep groundwater TH concentrations ranged from 226.70 to 289.60 mg/L, with an average of 182.99 mg/L. The samples were classified into three categories based on their hardness: soft (10.5%), moderately hard (26.3%), and hard (63.2%). Ultra-deep groundwater TH concentrations ranged from 330.80 to 275.19 mg/L, with an average of 85.62 mg/L. The majority of the samples (76.9%) were classified as soft, while 7.7% were moderately hard and 15.4% were hard.



In 2019, the TH concentration in shallow groundwater ranged from 143.91 to 629.87 mg/L, with an average value of 361.42 mg/L. This study found that 3% of the water samples were classified as moderately hard, 40% as hard, and 57% as very hard. The total hardness concentrations in mesophilic groundwater ranged from 64.66 to 441.00 mg/L, with an average of 281.47 mg/L. The investigation revealed that 2.5% of the samples were classified as soft, 65% were categorised as hard, and 32.5% were designated as very hard. The total hardness concentration of deep groundwater ranged from 89.68 to 447.00 mg/L, with an average of 233.28 mg/L. In the present study, 18% of the samples were found to be moderately hard, 73% were found to be hard, and 9% were found to be very hard. The total hardness concentration of ultra-deep groundwater ranged from 43.80 to 264.88 mg/L, with an average of 101.36 mg/L. The analysis revealed that 80% of the water samples were classified as soft, while the remaining 20% were designated as hard. In general, the mean total hardness of groundwater is found to decrease in a gradual manner with increasing burial depth. This phenomenon can be illustrated by the following sequence: shallow layer > medium-deep layer > deep layer > ultra-deep layer.



Statistical plots of TDS and TH in different aquifers between 2015 and 2019, as shown in Figure 3.




4.1.2. Major Cations and Anions Analysis


The box plot illustrating the main cation concentrations in the study area is presented in Figure 4. As demonstrated in Figure 4a–c, the predominant cation concentrations in shallow groundwater and medium-deep groundwater are Ca2+ > Na+ > Mg2+ > K+, with Ca2+ constituting over 50% of the total cation concentration and Na+ accounting for approximately 30%. In the context of deep groundwater and ultra-deep groundwater, the predominant cation concentrations are Na+ > Ca2+ > Mg2+ > K+. In deep groundwater, Na+ and Ca2+ account for over 40% of the primary cation concentrations, while in ultra-deep groundwater, Na+ accounts for over 85%, making it the dominant cation. As burial depth increases, the concentration and percentage of Na+ also increase, with the average concentration rising from 43.57 mg/L to 207.56 mg/L, and the percentage increasing from 28.3% to 85.35%. Conversely, the concentrations and percentages of Ca2+ and Mg2+ decrease with increasing burial depth. The mean concentration of Ca2+ decreased from 89.62 mg/L to 23.22 mg/L, and its percentage decreased from 51.96% to 9.55%, thus transforming from a primary to a secondary cation. Concurrently, the percentage of Mg2+ decreased from 19.09% to 4.12%. The concentrations of major anions in groundwater at varying burial depths within the designated study area exhibit a sequential pattern, with HCO3− ranking foremost, followed by SO42−, Cl−, NO3−, and finally F−. HCO3− accounts for 70~82% of the total anion content, with its concentration showing minimal variation with burial depth and maintaining a high proportion, making it the dominant anion in the groundwater of the study area.




4.1.3. Hydrochemical Types


The water chemistry types of groundwater can be studied using the Piper three-line diagram (Figure 5) and the Shukarev classification method [40]. The Piper diagram indicates that, in 2015, 92% of shallow groundwater samples, 87% of mid-to-deep groundwater samples, 21% of deep groundwater samples, and 8% of ultra-deep groundwater samples in the study area fell within Zone 5. Conversely, one shallow sample, 9% of mid-to-deep samples, 58% of deep samples, and one ultra-deep sample fell within Zone 9, where no pair of cation and anion percentages exceeded 50%. A total of 77% of ultra-deep samples, 21% of deep samples, one shallow sample, and two medium-deep samples fell within Zone 8, indicating carbonate alkalinity exceeding 50%. One ultra-deep groundwater sample fell within Zone 7, indicating non-carbonate alkalinity exceeding 50%. A cation triangle analysis revealed that shallow, meso-superficial, and deep sampling points clustered predominantly in the lower left and central regions, indicating Ca2+ and Na+ as dominant cations. Ultra-deep sampling points concentrated in the lower right, showing Na+ as absolutely predominant. Anion triangle sampling points are primarily clustered in the lower left, indicating HCO3− as the dominant anion.



In 2019, 85% of the shallow groundwater samples, all of the medium-deep groundwater samples, 75% of the deep groundwater samples, and 20% of the ultra-deep groundwater samples were classified within Zone 5, where the carbonate hardness exceeds 50%. A total of 14% of the shallow groundwater samples and 18% of the deep groundwater samples fall into Zone 9, where no pair of cation and anion percentages exceeds 50%; 60% of the ultra-deep groundwater samples fall into Zone 8, indicating that the carbonate alkalinity exceeds 50%; and one sample of ultra-deep groundwater falls into Zone 7, indicating that the non-carbonate alkalinity exceeds 50%. An analysis of the cation triangle reveals that the sampling points for shallow, medium-deep, and deep groundwater are predominantly located in the lower left and central regions. This observation indicates that the predominant cations are calcium (Ca2+) and sodium (Na+). The distribution of sampling points for ultra-deep groundwater is predominantly concentrated in the lower right region, exhibiting an absolute dominance of Na+. By contrast, the sampling points designated for the anion triangle are primarily situated in the lower left corner, with a minor presence in the central area, suggesting that anions are predominantly HCO3−. However, it is notable that only one shallow groundwater sampling point exhibited anions primarily composed of HCO3− and SO42−.



The results from the Piper diagram demonstrate that the hydrochemical types in 2015 and 2019 are largely consistent. Consequently, this study designates 2019 as the pivotal year for subsequent analysis.



Table 5 describes the chemical characteristics of each zone. By plotting the groundwater samples on this diagram, one can visually determine the dominant chemical types in the different aquifers and understand the chemical composition characteristics and evolution patterns of the groundwater in the study area.



As Shukarev’s results indicate, the shallow groundwater of the study area is characterised by 12 distinct types of groundwater chemistry. The HCO3-Ca type is identified as the most prevalent, accounting for 26% of the total, and is predominantly distributed in the southern and central regions of the study area. The central, northwestern, and southeastern regions are characterised by water of the HCO3-(Mg·Ca) type, whilst the northeastern Yellow River area and eastern regions are dominated by water of the HCO3-(HCO3·Cl, HCO3·SO4)-(Ca·Na·Mg) type. Along the groundwater flow direction, i.e., from a southwesterly to an easterly direction, the predominant cations undergo a transition from Ca2+ to Ca2+ and Mg2+, ultimately stabilising at a composition of Na+, Ca2+, and Mg2+. By contrast, the anions primarily comprise HCO3−, gradually transitioning to HCO3−, SO42−, and Cl−, accompanied by corresponding increases in the total dissolved solids (TDS).



The middle aquifer is distinguished by the presence of eight distinct types of groundwater chemistry. The predominant HCO3-(Na·Ca) type of water constitutes 42% of the total, and is distributed across the southwestern, northwestern, and southern regions of the study area, as well as in the southern part of Putian Township. The second most prevalent type is the HCO3-Ca type water, accounting for 25%, distributed in the southern part of the central study area. The predominant water type in the northeastern region is characterised by the presence of HCO3-(Na·Ca) ions. The study area is characterised by the presence of HCO3-(Ca·Na·Mg) type water and HCO3·Cl-Ca·Mg type water. Along the direction of the groundwater flow, i.e., from southwest to northeast, the primary cations are Ca2+ and Mg2+, gradually transitioning to Ca2+ and Na+, then to Na+, Ca2+, and Mg2+; the anions are consistently dominated by HCO3−, with the corresponding TDS values gradually increasing.



This study identified seven distinct types of groundwater chemistry in deep groundwater, with the HCO3-Ca·Mg type being the most prevalent, accounting for 36% of the total. The distribution of this type is primarily concentrated in the central, southwestern, and southern regions of the study area. In the northwestern and southeastern regions, the HCO3-Ca·Na type and the HCO3-Na type are predominant. The HCO3-(Ca·Mg·Na) type has been identified in the western part of the central region and the northeastern region; the HCO3·Cl-Na type has been identified along the Yellow River; and the HCO3-Ca type has been identified in the central part.



The water chemistry of the ultra-deep groundwater is predominantly the HCO3-Na type, accounting for 60% of the samples; the HCO3·Cl-Na type and HCO3-Ca type each account for 20%, with both types distributed in the northeastern part of the study area.





4.2. Hydrochemical Formation


Under normal circumstances, groundwater is controlled by three natural mechanisms, including atmospheric precipitation, rock weathering, and evaporation and concentration [41,42]. Gibbs diagrams are employed extensively to elucidate the predominant formation mechanisms of groundwater on a global scale [43]. As demonstrated in Figure 6, an analysis of the Gibbs diagram of the study area indicates that the majority of the sampling points are situated within the rock weathering zone. This suggests that the formation mechanisms of groundwater chemical components in this region are primarily associated with rock weathering processes, while the influences of evaporation, concentration, and atmospheric precipitation replenishment are relatively minor. However, the data from four sampling points in the ultra-deep groundwater and three sampling points in the deep groundwater do not fall within the aforementioned range, indicating a certain degree of uniqueness. This finding indicates that the chemical composition of groundwater is not solely influenced by rock weathering.



The subsequent utilisation of endpoint diagrams to ascertain the provenance of chemical components from rock weathering, as illustrated in Figure 7, is a subject that merits further investigation. The Ca2+/Na+-Mg2+/Na+ relationship diagram and the Ca2+/Na+-HCO3−/Na+ relationship diagram indicate that the primary contribution to erosion comes from carbonates and silicates [44]. The distribution of sampling points primarily between carbonate rock and silicate rock control zones suggests that the chemical composition of groundwater in the study area is predominantly influenced by the weathering of carbonate and silicate rocks, with a comparatively smaller contribution from evaporite rocks. Further analysis indicates that the formation and evolution of groundwater chemical components in the study area are primarily controlled by a combination of dissolution, cation exchange, and counterion exchange processes.



4.2.1. Solubilisation


The preceding analysis demonstrates that leaching constitutes a primary function in the formation and evolution of groundwater chemical components within the designated area. Groundwater is subject to continuous water–rock interactions with surrounding rock layers during the runoff process, thereby promoting the continuous dissolution of soluble components in the rock layers. This, in turn, leads to a continuous increase in the total dissolved solids (TDS) and major ion content of the groundwater. In this dynamic process, solubilisation typically exerts a dominant influence on the formation and evolution of groundwater chemical components. The Pearson correlation coefficients [45] between the TDS content and ion concentrations in the study area were analysed using Origin 2024 software (see Figure 8). The data demonstrate a substantial correlation between the groundwater TDS content and major anions and cations (except for NO3− and F−) across varying burial depths. This finding serves to further substantiate the mechanism by which dissolution predominates in determining the chemical characteristics of water. The mean Cl− content of groundwater at varying burial depths within the study area ranges from 27 to 72 mg/L, constituting approximately 10% of the total anion content. The presence of a low abundance is indicative of intense equilibrium processes involving water–rock dissolution and precipitation. These processes are driven by ongoing solubilisation, resulting in the continuous migration and precipitation of chloride ions from the rock layers. This process ultimately leads to the formation of a low-TDS groundwater system that is dominated by HCO3−. The average Cl− concentration in mid-to-deep groundwater is 27 mg/L, accounting for 6% of the total anion content. This anomalous phenomenon is attributable to alterations in the hydrodynamic conditions occasioned by long-term over-extraction. The extraction-induced drawdown of groundwater level is known to significantly increase the hydraulic gradient, thereby accelerating groundwater flow processes and intensifying the leaching of soluble components in the aquifer.



The ion ratio coefficient method [41] can be utilised to ascertain the specific mineral sources of chemical components in the groundwater within the study area. The ion ratio relationship diagram for the study area is shown in Figure 9. As demonstrated in Figure 9a, the study area displays a range of Na+ source mechanisms at varying depths. In the absence of other factors, if salt rock dissolution is the sole source, the γ(Cl−)/γ(Na+) value should be approximately equal to 1 [46]. The distribution of γ(Cl−)/γ(Na+) (representing the milliequivalent ratio of Na+ to Cl−) indicates that 51.4% of the shallow groundwater sampling points, 37.5% of the mid-deep groundwater sampling points, and 18.2% of the deep groundwater sampling points are distributed near the 1:1 line, indicating that the Na+ in these areas primarily originates from the dissolution of salt rocks. The results indicate that approximately 31.4% of the shallow sampling points, 57.5% of the mid-deep sampling points, and 100% of the ultra-deep sampling points are located to the left of the 1:1 line. This suggests that the Na+ in these samples is more likely to be derived from the dissolution of silicates or cation exchange processes. Furthermore, a limited number of shallow and medium-depth groundwater sampling points are located to the right of the 1:1 line, indicating that reverse cation exchange has occurred in these water samples (Figure 10), leading to Na+ loss and resulting in Na+ concentrations lower than Cl− concentrations.



The γ(Ca2+ + Mg2+ + SO42−)/γ(HCO3−) equivalence ratio analysis (Figure 9b) indicates that the groundwater in the study area follows three geochemical evolution pathways. The proportion of the shallow groundwater sampling points was found to be 54.3%, whilst the proportion of the medium-deep groundwater sampling points was found to be 40%. The distribution of the deep groundwater sampling points in proximity to the line where γ(Ca2++Mg2+-SO42−)/γ(HCO3−) = 1 indicates that the dissolution of carbonate minerals is the primary source of Ca2+, Mg2+, and HCO3− in this portion, accounting for approximately 37% of the total. The results of this study indicate that 1% of the shallow groundwater sampling points, 52.5% of the medium-deep groundwater sampling points, 54.5% of the deep groundwater sampling points, and 100% of the ultra-deep groundwater sampling points have a ratio less than 1, indicating that Ca2+ and Mg2+ are less abundant than HCO3− in the water samples, with cation exchange being the primary cause (Figure 9d and Figure 10). Furthermore, the ultra-deep groundwater sampling points are situated well below the line of best fit (γ(Ca2+ + Mg2+ − SO42−)/γ(HCO3−)) = 1. It can thus be concluded that the concentrations of calcium (Ca2+) and magnesium (Mg2+) in ultra-deep groundwater are significantly lower than those of bicarbonate (HCO3−). This finding indicates that strong cation exchange occurs in ultra-deep groundwater, resulting in a substantial decrease in the concentrations of calcium and magnesium. It has been established that there is an equilibrium between Na+ and K+ in the exchange rock and soil, and HCO3−. A limited number of shallow and medium-depth sampling points have been observed to exhibit values above the line of best fit, which indicates an excess of Ca2+ and Mg2+. These sampling points have been found to have higher Ca2+ concentrations, ranging from 1.3 to 1.6 times the average value. It has been hypothesised that the sources of Ca2+ and Mg2+ may be associated with human input and may exist in the form of NO3− and Cl− [47]. As illustrated in Figure 9c, the majority of sampling points in the shallow and medium-deep layers exhibit γ(HCO3− + SO42− + NO3− + Cl−)/γ(Ca2+ + Mg2+) values that are well distributed near the 1:1 line, with correlation coefficients of 0.82 and 0.96, respectively. This finding suggests that the excess Ca2+ and Mg2+ are likely to be a consequence of anthropogenic activities.




4.2.2. Cationic Alternating Adsorption


As illustrated in the relationship diagram of γ [Ca2+ + Mg2+ − (HCO3− + SO42−)] − γ(Na+ + K+ − Cl−) [48], the exchange interaction between cations Ca2+, Mg2+ and Na+, K+ can be determined. When the product of Ca2+ and Mg2+ minus (HCO3− and SO42−) minus (Na+ and K+ minus Cl−) exhibits a linear negative correlation with a slope of −1, this indicates significant cation exchange. As demonstrated in Figure 9d, the values of γ [Ca2+ + Mg2+ − (HCO3− + SO42−)] − γ(Na+ + K+ − Cl−) for groundwater at varying burial depths within the study area demonstrate a unidirectional negative correlation, with slopes of −1. The regression coefficients, represented by 0027, −1.0964, −1.0805, and −1.0396, respectively, demonstrate a high degree of correlation with the data, with the coefficient of determination R2 exceeding 0.9 in all cases. This finding suggests that cation exchange is a significant process in the groundwater of the study area and that cation exchange contributes substantially to the Na+ and K+ concentrations in the groundwater.



An analysis of the results of the chlor–alkali index (Figure 10) reveals the following observations: The analysis of the shallow groundwater samples revealed that 66% of the sampling points exhibited CAI-I and CAI-II values less than 0, while 34% of the sampling points demonstrated CAI-I and CAI-II values greater than 0. This finding suggests that both cation exchange and counter-cation exchange processes occurred concurrently in the shallow groundwater within the study area. In 66% of the shallow groundwater sampling points, Ca2+ and Mg2+ in the groundwater underwent cation exchange with Na+ and K+ in the surrounding rock layers, while in 34% of the sampling points, Na+ and K+ in the groundwater underwent anion exchange with Ca2+ and Mg2+ in the surrounding rock layers. The findings of this study indicate that, at 88% of the sampling points in the medium-deep groundwater, 91% of the sampling points in the deep groundwater, and 100% of the sampling points in the ultra-deep groundwater, CAI-I and CAI-II are less than 0. This suggests that cation exchange is the primary process occurring in the medium-deep and deep groundwater, with weak counter-cation exchange also taking place, while cation exchange is the primary process occurring in the ultra-deep groundwater.





4.3. Health Risk Assessment of Nitrate in Groundwater


Following the stipulations set out in the Chinese National Standard for Drinking Water Quality [49], the maximum permissible concentration of nitrate (expressed in terms of nitrogen) in drinking water is generally established at 10 mg/L [50]. The World Health Organisation [51] (WHO) limits nitrate levels in drinking water to less than 10 mg/L. As demonstrated in Table 4 and Figure 11, the nitrate concentration in the shallow groundwater ranges from 0.1 to 41.28 mg/L, with an average of 10.67 mg/L. A total of 34.3% of the sampling points are not recommended for drinking water use. In the medium-deep groundwater, nitrate concentrations range from 0 to 84.05 mg/L, with an average of 4.35 mg/L, and 52. In the context of this study, it was determined that 5% of the sampling points were not recommended for drinking water use. The nitrate concentrations in deep groundwater ranged from 0.57 to 46.49 mg/L, with an average of 11.27 mg/L. Furthermore, 36.4% of the sampling points were not recommended for drinking water use. In the ultra-deep groundwater, nitrate concentrations ranged from 0 to 10.76 mg/L, with an average of 2.93 mg/L. Conclusively, 20% of the sampling points were not recommended for drinking water use.



The spatial variation of nitrate concentrations in groundwater was analysed using ArcGIS Pro 3.3 software [52,53]. Typically, NO3− is highly soluble in water and easily reaches the groundwater table, with high concentrations primarily caused by human activities, such as excessive fertiliser application in agriculture, improper discharge of domestic wastewater, and leakage of animal manure [54]. The spatial distribution of nitrate-nitrogen in the groundwater within the study area is illustrated in Figure 12. The distribution of high nitrate concentrations in the shallow groundwater is predominantly concentrated in the western, southern, and northeastern regions, aligning with the runoff direction (southwest to northeast). In the medium-deep groundwater, high nitrate concentrations are primarily distributed in the central and southern regions, with higher concentrations observed in the south than in the central region. In the deep groundwater, high nitrate concentrations are primarily concentrated in the central region, with a minor presence observed in the western region. In the ultra-deep groundwater, high nitrate concentrations are distributed in the northwestern region.



The presence of nitrates in groundwater has been demonstrated to pose a significant health risk to humans. Nitrates themselves are characterised by low toxicity, but under specific conditions, their metabolic products—nitrites and nitrosamines—have the potential to compromise human health. It is well-documented that the long-term ingestion of high concentrations of nitrates can result in a range of physiological symptoms, including lethargy, a decline in work capacity, dizziness, and, in extreme cases, loss of consciousness. Furthermore, nitrosamines have been demonstrated to pose a risk of teratogenicity and mutagenicity. Furthermore, the pH value of gastric fluid in children and infants is close to neutral, which is conducive to the proliferation of nitrate-reducing bacteria. Consequently, nitrates pose a heightened risk to children and infants [55]. In this study, the nitrate contamination of drinking water was incorporated into the human health risk assessment, with the potential risks to humans evaluated accordingly. The HQ values for various parameters of the groundwater in the study area were calculated, with the results displayed in Figure 13.



The results of the shallow groundwater samples are as follows: The NO3-N HQ values for the groundwater range from 0 to 1.29, with four samples (11%) exceeding 1, falling within the 1~4 range, indicating a moderate potential risk. The HQ values for children, adolescents, and adults range from 0 to 0.86, 0 to 0.77, and 0 to 0.74, respectively, all below 1, indicating no potential risk. In the case of the mid-to-deep groundwater, the NO3− infant HQ values range from 0 to 2.65, with four (10%) HQ values falling within the 1~4 range, indicating a moderate potential risk. For children, the HQ value range is 0 to 1.75, with two (5%) HQ values falling within the range of 1 to 4, indicating a moderate potential risk. For adolescents, the HQ value range is 0 to 1. The mean value of the HQ was found to be 58, with two (5%) HQ values falling within the range of 1 to 4, indicating a moderate potential risk. The HQ values for adults ranged from 0 to 1.50, with two (5%) HQ values falling within the range of 1 to 4, indicating a moderate potential risk. In the deep groundwater, the NO3 HQ values range from 0.02 to 1.45, with one (9%) HQ value falling within the range of 1 to 4, indicating a moderate potential risk. The HQ values for children, adolescents, and adults range from 0.01 to 0.97, 0.01 to 0.87, and 0.01 to 0.83, respectively, all of which are below 1, indicating no potential risk [49]. A comprehensive analysis indicates that the potential non-carcinogenic risk in the medium-deep groundwater is higher than in the shallow, deep, and ultra-deep groundwater. Furthermore, it has been observed that infants demonstrate heightened sensitivity and are subject to elevated health risks. Consequently, the utilisation of groundwater for drinking purposes poses a heightened health risk to infants.



A study of the overall potential non-carcinogenic risks for different population groups reveals that all water samples showed the highest risk for infants, followed by children, adolescents, and adults, indicating that younger age groups have weaker resistance to contaminated water bodies. Nitrate levels in the groundwater are typically negligible under conditions not influenced by human activities. The predominant factors contributing to elevated nitrate concentrations in groundwater within the designated study area are of anthropogenic origin. These include irrigation practices, septic tanks, sewage leaks, and the degradation of organic waste. Human activities have been demonstrated to alter the original chemical composition of groundwater, whilst also, to a certain extent, modifying the original groundwater circulation patterns within the region. It is therefore recommended that Zhengzhou City prioritise vulnerable populations when managing water supply systems.





5. Conclusions


The present study investigates the distribution and sources of elevated nitrate levels in groundwater at four different burial depths: shallow, medium-deep, deep, and ultra-deep. This study analyses the formation of groundwater chemistry, groundwater types, and the risks of nitrate pollution to human health, drawing the following conclusions:




	(1)

	
The major cation concentrations in the shallow groundwater and the medium-deep groundwater are similar, with Ca2+ > Na+ > Mg2+ > K+, while those in the deep groundwater and the ultra-deep groundwater are approximately Na+ > Ca2+ > Mg2+ > K+. In the deep groundwater, Na+ and Ca2+ account for over 40% of the total dissolved solids, and in the ultra-deep groundwater, the Na+ content reaches as high as 85%. The percentage of Na+ increases gradually with the burial depth of the sampling points, while the percentage of Ca2+ decreases in a similar, gradual fashion. The predominant controlling factor in this phenomenon is cation exchange. The primary anion concentrations in the groundwater at varying burial depths are as follows: HCO3− > SO42− > Cl− > NO3− > F−. HCO3− has been found to account for 70~82% of the total anion concentration, thus establishing itself as the dominant anion in the study area’s groundwater.




	(2)

	
The analysis of water chemistry indicates the presence of 12 distinct types of shallow groundwater chemistry within the designated study area. The HCO3-Ca type is identified as the predominant chemistry, accounting for 26% of the total, and is primarily distributed in the southern and central regions of the study area. The investigation revealed eight distinct types of groundwater chemistry in the medium-deep layer, primarily HCO3-Ca·Mg type, accounting for 42%, predominantly distributed in the southwestern, northwestern, and southern parts of Putian Township; followed by the HCO3-Ca type, accounting for 25%, primarily distributed in the central-southern part of the study area. The chemical composition of the deep groundwater is characterised by seven distinct water types, predominantly the HCO3-Ca·Mg type, accounting for 36% of the total, and predominantly distributed in the central, southwestern, and southern regions. The investigation revealed that the ultra-deep groundwater predominantly exhibits the HCO3-Na type, accounting for 60%, and is distributed throughout the northeastern part of the study area.




	(3)

	
The chemical components present in the groundwater of the study area are of the rock-weathering type, with the predominant source of these components being the weathering of carbonate rocks. The predominant factors that govern the process of chemical component formation include leaching, cation exchange, counter-cation exchange, and mixing.




	(4)

	
The potential non-carcinogenic risks associated with the medium-to-deep groundwater are higher than those of the shallow, deep, and ultra-deep groundwater. The mid-deep groundwater has the potential to pose risks to all four categories of people, while the shallow and deep groundwater only pose potential risks to infants. It is therefore recommended that Zhengzhou prioritise restricting agricultural non-point source pollution inputs into the mid-deep aquifer recharge areas (e.g., controlling nitrogen fertiliser application rates, establishing buffer zones), installing nitrate real-time monitoring wells in sensitive areas, and focusing particularly on vulnerable groups in water supply management.
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Figure 1. Study area and distribution of groundwater sampling sites. (This figure illustrates the location of the study area and the distribution of groundwater sampling sites. The top-left subfigure shows the location of Henan Province (marked in red) within China. The bottom-left subfigure further pinpoints the research area (marked in red) within Henan Province. The right subfigure presents the detailed distribution of different types of groundwater sampling points in the research area: red squares represent shallow sampling points, yellow circles represent mid-deep sampling points, black stars represent ultra-deep sampling points, and blue diamonds represent deep sampling points. Red lines denote the boundaries of the research area, and blue lines represent rivers). 
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Figure 2. Contour Map of Shallow and Medium-Deep Groundwater Levels in Zhengzhou During the Dry Season. (The two maps depict the shallow and medium-deep groundwater level contour lines during Zhengzhou’s dry season: (a) shows the shallow groundwater level contour lines, while (b) displays the medium-deep groundwater level contour lines. In the figures: blue dots denote groundwater sampling points; black lines represent contour lines, unit: metres, interval: 5 meters; orange lines delineate administrative boundaries. The compass rose in the upper left corner indicates map orientation, while the scale in the lower left corner denotes distances in kilometres). 
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Figure 3. Comparison of statistical characteristics of TDS and TH in different aquifers (2015–2019). (These two bar charts compare the statistical characteristics of total dissolved solids (TDS) and total hardness (TH) across different aquifers from 2015 to 2019. The upper chart displays the minimum (Mini), maximum (Max), mean, and standard deviation (SD) of the TDS for the shallow, intermediate, deep, and ultra-deep aquifers in both 2015 and 2019. The lower chart presents the corresponding statistical indicators for the TH across these aquifers during the two years. Different colours and patterns distinguish the 2015 data (solid) from the 2019 data (grid pattern), facilitating the comparison of hydrochemical parameter trends between aquifer types and years). 
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Figure 4. Box diagram of water chemistry statistical analysis of water samples in the study area. (This figure presents statistical distributions of various hydrochemical constituents in water samples from different aquifers within the study area (red denotes shallow aquifers, orange denotes medium-deep aquifers, yellow denotes deep aquifers, and green denotes ultra-deep aquifers). Within the box plots, the box represents the interquartile range (the upper quartile and lower quartile), the line within the box indicates the median, the whiskers extend to the minimum and maximum values, and points outside the box (red dots in the figure) represent outliers. (a) Box plots for K+, Ca2+, and Na+, respectively, illustrating the distribution characteristics of these ions across different aquifers. (b) Box plots for Mg2+, NO3−, and F−, illustrating the distribution characteristics of these ions across different aquifers. (c) Box plots for Cl−, HCO3−, and SO42−, illustrating the distribution characteristics of these ions across different aquifers). 
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Figure 5. Piper diagram of groundwater in the study area. This diagram presents the Piper diagram for the study area, used to analyse the chemical types of groundwater within the region. (a) Piper diagram for the study area in 2015. (b) Piper diagram for the study area in 2019. Different symbols represent groundwater samples from distinct aquifers: black squares denote shallow aquifers, red dots indicate medium-depth aquifers, blue triangles represent deep aquifers, and green inverted triangles signify ultra-deep aquifers. The central section shows the main correlations: the upper rhombus area displays relationships between major cations (Ca2+, Mg2+, Na+ + K+) and anions (Cl− + SO42−, CO32− + HCO3−). The two triangular regions below detail the distribution of cations (Ca2+, Mg2+, Na+ + K+) and anions (Cl−, SO42−, CO32− + HCO3−), respectively. Upper right section: Magnesium-type (A), Calcium-type (B), Sodium-type (C), Sulphate-type (D), Bicarbonate-type (E), and Chlorate-type (F). Upper left section: Zone classification. 
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Figure 6. Represents the Gibbs diagram of the groundwater chemical control mechanism. These two Gibbs diagrams analyse the chemical control mechanisms of groundwater in the study area, with different symbols representing groundwater samples from distinct aquifers: red squares denote shallow aquifers, yellow rhombuses denote medium-deep aquifers, blue circles denote deep aquifers, and black asterisks denote ultra-deep aquifers, arrows indicate the trend for each effect.. Diagram (a) illustrates cation-related mechanisms, with the x-axis representing Cl−/(HCO3− + Cl−) and the y-axis representing the TDS (mg·L−1). (b) depicts an anion-related mechanism. The x-axis represents Na+/(Na+ + Ca2+) and the y-axis shows the TDS (mg·L−1). The diagrams encompass three primary chemical control processes: rock weathering, evaporation, and precipitation. By plotting groundwater samples onto these diagrams, the key processes governing groundwater chemistry within different aquifers can be visually identified. 
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Figure 7. Ion ratio end-member diagram of the study area. The figure comprises two ion ratio endpoint diagrams, with different symbols denoting groundwater samples from distinct aquifers: red squares indicate shallow aquifers, yellow circles denote medium-to-deep aquifers, blue diamonds represent deep aquifers, and black asterisks signify ultra-deep aquifers; The regions labelled ‘Silicate Rock’, ‘Carbonate Rock’, and ‘Evaporite Salt Rock’ respectively denote the terminal zones for silicate, carbonate, and evaporite salt rock ion sources. (a) Presents the Ca2+/Na+ versus Mg2+/Na+ diagram, used to identify contributions from silicate, carbonate, and evaporite salt rocks to groundwater ions. (b) Employs the Ca2+/Na+ versus HCO3−/Na+ diagram to further distinguish the effects of carbonate dissolution and other processes on groundwater chemistry. 
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Figure 8. Correlation matrix diagram of the hydrochemical parameters of the groundwater. (This diagram presents a correlation matrix of the groundwater chemical parameters across different aquifer depths (shallow, medium-deep, deep, and ultra-deep) within the study area. Through colour gradients (blue → orange-red corresponding to negative → positive correlation coefficients) and numerical values within squares, it illustrates the linear correlation between the TDS and ion concentrations, such as K+ and Na+, the size of the circle represents the strength of the correlation coefficient between different water quality components. (a) Shallow aquifer: the TDS exhibits strong positive correlations with most major ions (K+, Na+, etc.), while NO3− and F− show more pronounced negative correlations with other ions. (b) Medium-deep aquifer: Na+ demonstrates prominent positive correlations with the TDS and K+, with some ions (e.g., NO3−) exhibiting significant negative correlations. (c) Deep layer: K+ exhibits correlation coefficients close to 1 with the TDS and Na+; correlations between Mg2+, SO42− and other ions reflect the stability of deep-water–rock interactions. (d) Ultra-deep layer: Most ions show extensive strong positive correlations). 
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Figure 9. Ion ratio diagram of the study area. (a) γ(Cl−) − γ(Na+) diagram; (b) γ(HCO3−) − γ(Ca2+ + Mg2+ − SO42−)/γ(HCO3−) diagram; (c) γ(HCO3− + SO42− + NO3− + Cl−) − γ(Ca2+ + Mg2+) diagram; (d) γ[(Ca2+ + Mg2+ − (HCO3− + SO42−)] − γ(Na+ + K+ − Cl−) diagram. 






Figure 9. Ion ratio diagram of the study area. (a) γ(Cl−) − γ(Na+) diagram; (b) γ(HCO3−) − γ(Ca2+ + Mg2+ − SO42−)/γ(HCO3−) diagram; (c) γ(HCO3− + SO42− + NO3− + Cl−) − γ(Ca2+ + Mg2+) diagram; (d) γ[(Ca2+ + Mg2+ − (HCO3− + SO42−)] − γ(Na+ + K+ − Cl−) diagram.



[image: Water 17 02851 g009]







[image: Water 17 02851 g010] 





Figure 10. Groundwater chlor–alkali index value in the study area. 
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Figure 11. The distribution map of the groundwater nitrate-nitrogen concentration in the study area. (This violin plot illustrates the distribution of nitrate-nitrogen (NO3−) concentrations in the groundwater across different aquifers (shallow, medium-deep, deep, and ultra-deep) within the study area. The vertical axis represents the nitrate-nitrogen concentration (unit: mg·L−1), while the horizontal axis denotes the respective aquifer. The shape of each violin plot reflects the density distribution of the nitrate-nitrogen concentration data: wider areas indicate a higher frequency of data points at that concentration. The internal box plot structure displays the interquartile range (box), median (median line within the box), and the distribution of data between the minimum and maximum values (box whiskers)). 
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Figure 12. Spatial distribution of nitrate. ( This map illustrates the spatial distribution of nitrate across different aquifers within the study area, encompassing Huiji District, Jinshui District, Guancheng Hui District, Erqi District, and the Central Plains region. Circles of varying colours and sizes denote the nitrate concentrations within each aquifer: blue circles indicate shallow-level nitrates, green circles denote medium-to-deep-level nitrates, orange circles represent deep-level nitrates, and red circles signify ultra-deep-level nitrates. Circle size is proportional to nitrate concentration. Red dashed lines denote administrative boundaries, with the black arrow in the upper left corner indicating north. The scale in the lower left corner represents a distance of 5 kilometres). 
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Figure 13. Groundwater nitrate risk coefficient box plot. 






Figure 13. Groundwater nitrate risk coefficient box plot.



[image: Water 17 02851 g013]







 





Table 1. Table of aquifer characteristics in the study area.
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	Aquifer Type
	Burial Depth (m)
	Lithological Characteristics
	Aquifer

Properties
	Thickness (m)
	Set of Streams





	Superficial layer
	45~55
	It is dominated by fine sand, containing a clay lens, and locally visible sand–gravel layer.
	Diving or Confined water
	25~45
	Flowing from southwest to northeast



	Middle-deep
	80~350
	It is mainly composed of medium-coarse sand and gravel-bearing medium sand, with brown–red clay layers between layers.
	Confined water
	21~41
	From southwest and west to northeast and east



	Deep layer
	350~800
	Dense sand gravel and brown yellow clay are interbedded, and the degree of cementation is high.
	Confined water
	34~140
	From southwest to northeast



	Ultra-deep
	800~1200
	It is mainly composed of thick glutenite, containing calcareous cement and weak permeability.
	Confined water
	86~170
	From west to east or from east to south










 





Table 2. Calculate the parameters of nitrate harm to human health.
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	Parameters
	Infant
	Child
	Youth
	Adult





	RfD (mg·kg−1·d−1)
	1.6
	1.6
	1.6
	1.6



	IR (L·d−1)
	0.5
	1.0
	1.5
	2



	BW (kg)
	10
	30
	50
	70



	ED (a)
	1
	6
	12
	30



	EF (d·a−1)
	365
	365
	365
	365







Notes: RfD: Reference Dose; IR: Intake rate; BW: Body Weight; ED: Exposure Duration; EF: Exposure Frequency. Note: This table cites reference [7].













 





Table 3. Descriptive statistical results of main chemical components of the groundwater in 2015.
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Aquifer Type

	
Parameters

	
PH

	
EC/μs·cm−1

	
Ion Concentration/(mg·L−1)




	
Na+

	
K+

	
Ca2+

	
Mg2+

	
HCO3−

	
Cl−

	
SO42−

	
NO3−

	
F−

	
TDS

	
TH






	
Superficial Layer

	
Minimum

	
7.01

	
452.00

	
14.69

	
0.22

	
10.69

	
0.00

	
8.80

	
146.50

	
10.14

	
0.00

	
0.31

	
251.00

	
49.29




	
Maximum

	
8.09

	
1451.00

	
164.70

	
15.77

	
176.00

	
70.32

	
158.90

	
775.40

	
141.80

	
100.10

	
1.22

	
974.40

	
630.47




	
Mean

	
7.52

	
804.08

	
57.38

	
1.95

	
93.13

	
29.86

	
66.49

	
417.16

	
58.75

	
20.02

	
0.58

	
536.76

	
357.58




	
SD

	
0.28

	
231.27

	
37.00

	
3.31

	
36.67

	
14.04

	
40.79

	
125.33

	
40.19

	
26.49

	
0.23

	
176.16

	
121.53




	
CV

	
3.72%

	
28.76%

	
64.48%

	
169.68%

	
39.37%

	
47.02%

	
61.35%

	
30.04%

	
68.40%

	
132.30%

	
38.78%

	
32.82%

	
33.99%




	
Middle-Deep

	
Minimum

	
7.00

	
433.00

	
14.28

	
0.19

	
23.03

	
9.97

	
6.99

	
238.10

	
9.94

	
0.00

	
0.15

	
261.40

	
113.00




	
Maximum

	
8.15

	
813.00

	
148.30

	
3.38

	
108.60

	
37.90

	
110.60

	
476.20

	
87.65

	
91.41

	
1.05

	
547.10

	
429.20




	
Mean

	
7.51

	
624.83

	
49.71

	
1.09

	
68.68

	
22.83

	
28.45

	
366.91

	
36.81

	
15.04

	
0.46

	
406.54

	
267.55




	
SD

	
0.34

	
96.98

	
26.96

	
0.71

	
15.91

	
5.39

	
17.02

	
47.31

	
22.77

	
15.53

	
0.19

	
64.46

	
51.99




	
CV

	
4.53%

	
15.52%

	
54.24%

	
65.59%

	
23.16%

	
23.62%

	
59.84%

	
12.90%

	
61.86%

	
103.29%

	
40.39%

	
15.86%

	
19.43%




	
Deep-Layer

	
Minimum

	
7.00

	
563.00

	
45.77

	
0.81

	
4.93

	
2.99

	
15.80

	
317.50

	
17.84

	
0.12

	
0.16

	
374.60

	
26.70




	
Maximum

	
8.10

	
796.00

	
181.90

	
3.11

	
70.73

	
38.90

	
87.77

	
432.44

	
114.55

	
38.05

	
0.37

	
528.80

	
289.60




	
Mean

	
7.32

	
691.84

	
104.40

	
2.13

	
41.38

	
18.85

	
41.96

	
364.37

	
55.64

	
9.15

	
0.25

	
457.84

	
182.99




	
SD

	
0.31

	
68.26

	
39.59

	
0.63

	
17.95

	
9.75

	
15.82

	
26.69

	
23.87

	
10.41

	
0.07

	
45.44

	
80.79




	
CV

	
4.23%

	
9.87%

	
37.92%

	
29.44%

	
43.38%

	
51.75%

	
37.70%

	
7.33%

	
42.90%

	
113.74%

	
26.48%

	
9.92%

	
44.15%




	
Ultra-Deep

	
Minimum

	
7.11

	
590.00

	
55.79

	
1.04

	
7.40

	
1.00

	
15.80

	
354.10

	
33.80

	
0.00

	
0.28

	
425.95

	
30.80




	
Maximum

	
7.76

	
1355.00

	
324.20

	
4.45

	
74.84

	
20.95

	
159.75

	
622.80

	
299.70

	
5.14

	
1.39

	
909.75

	
275.19




	
Mean

	
7.37

	
954.08

	
214.57

	
2.61

	
21.45

	
7.29

	
55.32

	
465.40

	
96.75

	
1.74

	
0.72

	
634.06

	
85.62




	
SD

	
0.20

	
230.93

	
76.65

	
0.97

	
21.55

	
6.45

	
35.88

	
77.76

	
66.43

	
1.93

	
0.31

	
153.13

	
80.00




	
CV

	
2.71%

	
24.20%

	
35.72%

	
37.24%

	
100.49%

	
88.50%

	
64.86%

	
16.71%

	
68.66%

	
110.54%

	
43.70%

	
24.15%

	
93.44%











 





Table 4. Descriptive statistical results of main chemical components of the groundwater in 2019.
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Aquifer Type

	
Parameters

	
PH

	
EC/μs·cm−1

	
Ion Concentration/(mg·L−1)




	
Na+

	
K+

	
Ca2+

	
Mg2+

	
HCO3−

	
Cl−

	
SO42−

	
NO3−

	
F−

	
TDS

	
TH






	
Superficial Layer

	
Minimum

	
7.51

	
271

	
6.14

	
0.14

	
41.76

	
9.12

	
138.54

	
10.87

	
8.89

	
0.10

	
0.24

	
186.08

	
143.91




	
Maximum

	
7.82

	
1832

	
192.10

	
5.31

	
152.02

	
79.02

	
768.27

	
144.06

	
509.80

	
41.28

	
2.82

	
1239.19

	
629.87




	
Mean

	
7.67

	
781.80

	
48.82

	
1.11

	
89.61

	
32.92

	
393.13

	
54.45

	
77.90

	
10.67

	
0.75

	
513.01

	
361.42




	
SD

	
0.08

	
317.90

	
38.46

	
1.08

	
29.30

	
15.99

	
117.89

	
42.19

	
88.85

	
12.32

	
0.48

	
213.09

	
117.88




	
CV

	
1.09%

	
40.66%

	
78.77%

	
97.48%

	
32.69%

	
48.57%

	
29.99%

	
77.48%

	
114.05%

	
115.46%

	
64.13%

	
41.54%

	
32.62%




	
Middle-Deep

	
Minimum

	
7.62

	
291.00

	
8.02

	
0.21

	
11.69

	
8.10

	
170.03

	
8.70

	
5.15

	
0.00

	
0.22

	
204.41

	
64.66




	
Maximum

	
7.80

	
985.00

	
187.60

	
2.53

	
135.31

	
45.59

	
528.97

	
93.50

	
103.20

	
84.05

	
0.97

	
653.25

	
441.00




	
Mean

	
7.64

	
631.38

	
43.57

	
0.87

	
74.15

	
23.21

	
370.12

	
27.24

	
40.43

	
4.35

	
0.52

	
410.11

	
281.47




	
SD

	
0.10

	
155.41

	
33.55

	
0.56

	
22.05

	
7.15

	
69.85

	
21.10

	
25.50

	
18.28

	
0.19

	
95.26

	
68.09




	
CV

	
1.27%

	
24.61%

	
77.00%

	
64.00%

	
29.74%

	
30.79%

	
18.87%

	
77.46%

	
63.07%

	
121.49%

	
36.12%

	
23.23%

	
24.19%




	
Deep- Layer

	
Minimum

	
7.53

	
284

	
4.81

	
0.28

	
20.05

	
9.12

	
144.84

	
13.05

	
12.92

	
0.57

	
0.25

	
189.31

	
89.68




	
Maximum

	
7.79

	
1016

	
125.40

	
2.81

	
96.89

	
50.15

	
478.59

	
95.68

	
119.40

	
46.49

	
1.26

	
681.85

	
447.00




	
Mean

	
7.69

	
642.91

	
58,7

	
1.45

	
56.80

	
21.78

	
341.77

	
34.23

	
41.68

	
11.27

	
0.56

	
397.47

	
233.28




	
SD

	
0.07

	
183.61

	
40.46

	
0.77

	
23.37

	
10.55

	
78.66

	
27.14

	
27.94

	
13.09

	
0.26

	
115.02

	
96.24




	
CV

	
0.91%

	
28.56%

	
68.93%

	
52.99%

	
41.14%

	
48.45%

	
23.01%

	
79.30%

	
67.03%

	
116.15%

	
46.55%

	
28.94%

	
41.26%




	
Ultra-Deep

	
Minimum

	
7.55

	
563.00

	
39.99

	
0.48

	
5.85

	
5.07

	
528.97

	
11.30

	
13.43

	
0.00

	
0.49

	
370.06

	
43.80




	
Maximum

	
7.75

	
1393.00

	
328.60

	
4.08

	
71.83

	
20.26

	
403.02

	
197.88

	
186.60

	
10.76

	
0.97

	
950.39

	
264.88




	
Mean

	
7.67

	
977.80

	
207.56

	
2.38

	
23.22

	
10.03

	
450.88

	
72.66

	
99.92

	
3.93

	
0.78

	
644.49

	
101.36




	
SD

	
0.08

	
327.30

	
102.68

	
1.22

	
24.61

	
5.58

	
44.64

	
67.79

	
64.74

	
4.15

	
0.18

	
214.54

	
82.56




	
CV

	
1.05%

	
33.47%

	
49.47%

	
51.40%

	
105.96%

	
55.64%

	
9.90%

	
93.30%

	
64.80%

	
105.53%

	
23.57%

	
33.29%

	
81.45%








Note: SD: Standard deviation; CV: Coefficient variation; EC: Electrical conductivity.













 





Table 5. Piper three-line diagram partition water chemical characteristics description.






Table 5. Piper three-line diagram partition water chemical characteristics description.





	Partition Code
	Chemical Characteristics





	1
	Alkaline earth metal ions are greater than alkali metal ions.



	2
	Alkali metal ions are greater than alkaline earth metal ions.



	3
	Weak acid root is greater than strong acid root.



	4
	Strong acid root is greater than weak acid root.



	5
	Carbonate hardness > 50%.



	6
	Non-carbonate hardness > 50%.



	7
	Non-carbonate base > 50%.



	8
	Carbonate base > 50%.



	9
	No pair of anions and cations > 50%.
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